Kamiya A, Kawada T, Shimizu S, Iwase S, Sugimachi M, Mano T. Slow head-up tilt causes lower activation of muscle sympathetic nerve activity: loading speed dependence of orthostatic sympathetic activation in humans. Am J Physiol Heart Circ Physiol 297: H53-H58, 2009. First published May 15, 2009 doi:10.1152/ajpheart.00260.2009.-Many earlier human studies have reported that increasing the tilt angle of head-up tilt (HUT) results in greater muscle sympathetic nerve activity (MSNA) response, indicating the amplitude dependence of sympathetic activation in response to orthostatic stress. However, little is known about whether and how the inclining speed of HUT influences the MSNA response to HUT, independent of the magnitude of HUT. Twelve healthy subjects participated in passive 30°HUT tests at inclining speeds of 1°( control), 0.1°(slow), and 0.0167°(very slow) per second. We recorded MSNA (tibial nerve) by microneurography and assessed nonstationary time-dependent changes of R-R interval variability using a complex demodulation technique. MSNA averaged over every 10°tilt angle increased during inclination from 0°to 30°, with smaller increases in the slow and very slow tests than in the control test. Although a 3-min MSNA overshoot after reaching 30°HUT was observed in the control test, no overshoot was detected in the slow and very slow tests. In contrast with MSNA, increases in heart rate during the inclination and after reaching 30°were similar in these tests, probably because when compared with the control test, greater increases in plasma epinephrine counteracted smaller autonomic responses in the very slow test. These results indicate that slower HUT results in lower activation of MSNA, suggesting that HUT-induced sympathetic activation depends partially on the speed of inclination during HUT in humans.
HUMANS HAVE BEEN SUBJECTED to ceaseless orthostatic stresses since they first evolved and assume an orthostatic posture most of their lives. Thus the maintenance of arterial pressure (AP) under orthostatic stress against gravity-driven fluid shift is of great importance. During standing, gravitational fluid shift toward the lower part of the body (i.e., abdominal vascular bed, lower limbs) would cause severe orthostatic hypotension if not counteracted by compensatory mechanisms (27) . Orthostatic sympathetic activation mediated by arterial baroreflex has been considered to be the major compensatory mechanism (2, 26, 27) since denervation of baroreceptor afferents causes profound postural hypotension (30) . Therefore, many earlier human studies have recorded muscle sympathetic nerve activity (MSNA) by microneurographic technique and investigated MSNA response to various orthostatic stresses such as head-up tilt (HUT) and lower body negative pressure (LBNP) (1, 5, 24) . One of the important findings is that stronger orthostatic stress results in greater MSNA response during incremental HUT (3, 13, 14, 28) and LBNP (17) , indicating the amplitude dependence of orthostatic MSNA activation. However, less attention has been paid to the effects of loading speed of orthostatic stress on orthostatic sympathetic activation in humans. Although earlier studies reported that rapid HUT causes dynamic and transient hemodynamic response (33, 34, 36) , they did not investigate MSNA. Thus it remains unclear whether and how the inclining speed of HUT affects HUT-induced activation of MSNA (loading speed dependence of orthostatic MSNA activation), independent of the magnitude of HUT. This is an important clinical issue because the speed of upright tilting of each patient's bed would influence his/her autonomic nervous and hemodynamic conditions. Orthostatic sympathetic activation is mainly mediated by arterial baroreflex control of MSNA, which exhibits high-pass filter dynamic transfer characteristics at least in anesthetized animals such as rabbits (15) and rats (29) , indicating that more rapid change of AP results in greater response of MSNA to pressure change (15) . Accordingly, we hypothesized that a lower speed of HUT results in less MSNA activation in humans. To test the hypothesis, we performed passive 30°H
UT tests at three inclining speeds (1°, 0.1°, and 0.0167°/s) in 12 healthy volunteers. We compared the responses of MSNA measured by microneurography and hemodynamics during these tests.
METHODS

Subjects
The subjects were 12 healthy volunteers (10 males and 2 females) with a mean age (ϮSE) of 24 Ϯ 5 yr, mean height of 164 Ϯ 11 cm, and mean weight of 58 Ϯ 9 kg. They were carefully screened by medical history, physical examination, complete blood count, blood chemistry analyses, electrocardiogram, and psychological testing. Candidates were excluded if they had evidence of cardiovascular or other disease, smoked tobacco products, took medications, or were obese (body mass index Ͼ30 kg/m 2 ). None of the subjects had experienced spontaneous syncope within the past 5 yr. All had a sedentary lifestyle and were not athletes. All subjects gave informed consent to participate in this study, which was approved by the Committee of Human Research, Research Institute of Environmental Medicine at Nagoya University.
Measurements
MSNA was measured in our laboratory by the method reported previously (22, 35) . Briefly, a tungsten microelectrode (model 26-05-1; Federick Haer and Company, Bowdoinham, ME) was inserted percutaneously into the muscle nerve fascicles of the tibial nerve at the right popliteal fossa without anesthesia. Nerve signals were fed into a preamplifier (Kohno Instruments) with two active band-pass filters set between 500 and 5,000 Hz and were monitored with a loudspeaker. MSNA was identified according to the following discharge characteristics (22, 35) : 1) pulse-synchronous and spontaneous efferent discharges, 2) afferent activity evoked by tapping of calf muscles but not in response to a gentle skin touch, and 3) enhanced during phase II of the Valsalva maneuver.
AP was measured continuously using a finger photoplethysmograph (Finapres, Model 2300; Ohmeda, Englewood, CO) at the heart level. Systolic and diastolic AP was measured from the continuous pressure wave. Mean AP was calculated by averaging the pressure within a pulse wave. The finger pressure was confirmed to match intermittent (every minute) brachial AP measured by an automated sphygmomanometer (BP203MII; Nippon Colin, Komaki, Japan). In addition, distance between brachial cuff sensor and carotid sinus was measured in individuals, and AP at the height of carotid sinus level was then calculated by subtracting hydrostatic fluid pressure at each tilt angle from brachial AP. Electrocardiogram (chest lead II) and thermistor respirogram were also recorded continuously. A 20-gauge intravenous catheter was inserted into the antecubital vein in the left forearm to obtain venous blood samples for determination of plasma concentrations of epinephrine, norepinephrine, and arginine vasopressin. Thoracic impedance was measured using an impedance plethysmograph (AI-601G; Nihon Koden) to estimate tilt-induced decreases in thoracic fluid volume (12, 19) .
Protocols
We instructed the subjects to refrain from eating for 3 h before the experiments. The experimental room was air-conditioned at a temperature of 26°C. Each subject was requested to remain supine on a tilt table set at 0°horizontally. After the microneurographic MSNA signal was detected and an intravenous catheter was placed, three HUT tests (control, slow, and very slow) were performed on each subject. The three tests were conducted in a random order, with intervals of at least 20 min between tests.
In the control test, the subject remained supine (0°) and rested for at least 20 min. Baseline blood sample was then collected, and baseline recordings of variables including MSNA were done for 10 min. Thereafter, the tilt table was inclined to 30°in a continuous passive manner at a speed of 1°/s. Thus inclination to 30°required 30 s. After reaching 30°, the tilt table was fixed for 8 min. All variables were monitored continuously. After that, a blood sample was again collected.
The slow and very slow tests were performed similarly to the control test except the speed of inclining the tilt table. The tilt table was continuously inclined to 30°at speeds of 0.1 and 0.0167°/s in the slow and very slow tests, respectively. Thus inclination to 30°r equired 300 s in the slow test and 1,800 s in the very slow test.
These HUT tests were terminated by returning the tilt table to the 0°horizontal position when any of the following incidents was observed: development of presyncope symptoms such as nausea, sweating, yawning, gray out, and dizziness; and progressive reduction in systolic blood pressure to Ͻ80 mmHg.
Data Analysis
Full-wave rectified MSNA signals were fed through a resistancecapacitance low-pass filter at a time constant of 0.1 s to obtain the mean voltage neurogram. The signals were then resampled at 200 Hz together with other cardiovascular variables. MSNA bursts were identified, and their areas were calculated using a computer program custom-built by our laboratory. MSNA was expressed as both the rate of integrated activity per minute (burst rate) and the total activity by integrating individual burst area per minute (total MSNA). Since the burst area, and hence also the total MSNA, was dependent on electrode position, they were expressed as arbitrary units (AU) normalized by the individual's baseline values at supine rest (0°) at the first HUT test (the average of total MSNA per minute during the 10 min of supine rest was given 100 AU). The area of each burst during the subsequent HUT tests was normalized to this value.
Time-dependent changes in amplitudes of low frequency (LF; 0.04 -0.15 Hz) and high frequency (HF; 0.15-0.35 Hz) components of R-R interval variability were assessed continuously by complex demodulation using a custom-designed computer program (6, 8, 21) . The complex demodulation technique is a nonlinear time-domain method of time series analysis suitable for the investigation of nonstationary/unstable oscillations within an assigned frequency band (8, 21) . This method provides instantaneous amplitudes and frequencies of the LF and HF components as a function of time (8, 21) . The instantaneous amplitude of HF component of R-R interval variability was used as the index of cardiac vagal nerve activity in this study.
Variables except blood data were averaged over every 10 min during 0°supine rest in all HUT tests. The data were averaged over every 10, 100, and 600 s during inclination of the tilt table from 0°to 30°in the control, slow, and very slow HUT tests, respectively, and averaged over every 1 min after reaching 60°HUT position in all HUT tests. In addition, the data were averaged over every 10°tilt angle during the inclining period.
Statistical Analysis
Data are expressed as means Ϯ SE. Repeated-measure ANOVA was used to compare variables among the speed of HUT tests (control, slow, and very slow). When the main effect or interaction term was found to be significant, post hoc comparisons were made using the Sheffe's F procedure. A P value Ͻ0.05 was considered statistically significant. Figure 1 shows the typical MSNA data during the control, slow, and very slow HUT tests in one subject. Although HUT increased MSNA during inclination of the tilt table from 0°to 30°in all three tests, the increase was apparently greater in the control test than in the slow and very slow tests (Fig. 1) . Data from all subjects showed that increases in MSNA averaged over tilt angle (every 10°tilt) during inclination were greater in the control test than in the slow and very slow tests (Fig. 2) . In the control test, MSNA showed a transient overshoot of 3 min after reaching 30°HUT and then declined gradually to the steady-state level (Fig. 2) . In contrast, in the slow and very slow tests, MSNA reached steady-state levels without overshoot (Fig. 2) . The steady-state levels were similar among the control, slow, and very slow tests.
RESULTS
Heart rate averaged over tilt angle (every 10°tilt) increased during all HUT tests, with similar increases in all three tests (Fig. 3) . Instantaneous frequencies of LF and HF bands for R-R interval variability were 0.09 and 0.25-0.28 Hz, respectively, and were almost constant during all HUT tests. The LF amplitude of R-R interval variability did not change in any tests (Fig. 3) . Of note, although the HF amplitude of R-R interval variability decreased during inclination of the tilt table from 0°t o 30°, the decrease averaged over tilt angle was smaller in the very slow test than in the control and slow tests (Fig. 3) . Moreover, the HF amplitude of R-R interval variability reached steady-state levels after reaching 30°HUT, and the level was higher in the very slow test than in the control and slow tests (Fig. 3) . Respiratory rate did not change in any tests (Fig. 3) .
Systolic AP at the height of brachial level did not change, whereas diastolic AP at the level slightly increased during HUT in the control, slow, and very slow tests. However, there were no differences in both brachial systolic and diastolic APs among the control, slow, and very slow tests (Fig. 4) . When AP at the height of carotid sinus level was predicted by subtracting hydrostatic fluid pressure at each tilt angle from brachial AP, systolic and diastolic AP at the carotid sinus level decreased during HUT similarly in the control, slow, and very slow tests (Fig. 4) . Thoracic impedance increased during all HUT tests, and the changes averaged over tilt angle were almost identical in all three tests (Fig. 4) . When compared with the 0°supine level, plasma epinephrine concentration increased at the end of HUT tests, with greater increase in the very slow test (from 25.3 Ϯ 3.7 to Fig. 1 . Representative muscle sympathetic nerve activity (MSNA; integrated signals) data during control (top), slow (middle), and very slow (bottom) head-up tilt (HUT) tests in 1 subject. I (top), period of inclination of the tilt bed from 0°supine to 30°HUT posture at an inclining speed of 1°/s. Inclining (middle and bottom), period of inclination of the tilt bed at speeds of 0.1 and 0.0167°/s, respectively. au, Arbitrary units. Fig. 2 . MSNA burst rate and total activity during control (E), slow (OE), and very slow (F) HUT tests. The x-axis to the left of the vertical dotted line indicates that data are averaged over every 10°tilt angle during inclination from 0°supine to 30°HUT, and the x-axis to the right of the dotted line indicates that data are averaged over every 1 min after reaching 30°HUT. #P Ͻ 0.05 vs. slow and very slow tests; *P Ͻ 0.05 vs. 0°supine. Error bars denote SE. Fig. 3 . Heart rate, amplitude of low frequency (LF) and high frequency (HF) component of R-R interval (RRI) variability, and respiratory rate during control (E), slow (OE), and very slow (F) HUT tests. The x-axis to the left of the vertical dotted line indicates that data are averaged over every 10°tilt angle during inclination from 0°supine to 30°HUT, and the x-axis to the right of the dotted line indicates that data are averaged over every 1 min after reaching 30°H
UT. #P Ͻ 0.05 vs. control and slow tests; *P Ͻ 0.05 vs. 0°supine posture. Error bars denote SE.
49.3 Ϯ 7.4 pg/ml) than in the control (from 25.8 Ϯ 4.0 to 35.1 Ϯ 5.3 pg/ml) and slow (from 24.3 Ϯ 3.5 to 36.0 Ϯ 5.0 pg/ml) tests. Plasma norepinephrine concentration increased at the end of HUT tests similarly in the control (from 132.2 Ϯ 10.4 to 180.2 Ϯ 11.4 pg/ml), slow (from 134.0 Ϯ 9.2 to 176.5 Ϯ 9.8 pg/ml), and very slow (from 134.2 Ϯ 10.7 to 179.4 Ϯ 9.4 pg/ml) tests. Plasma arginine vasopressin concentration increased at the end of HUT tests similarly in the control (from 3.6 Ϯ 0.4 to 3.9 Ϯ 0.4 pg/ml), slow (from 3.6 Ϯ 0.4 to 3.9 Ϯ 0.4 pg/ml), and very slow (from 3.7 Ϯ 0.4 to 4.0 Ϯ 0.4 pg/ml) tests.
DISCUSSION
Speed Dependence of Orthostatic MSNA Activation
Many earlier human studies have reported that HUT at a larger tilt angle results in greater MSNA response, indicating the amplitude dependence of sympathetic activation in response to orthostatic stress. However, little is known about whether and how the inclining speed during HUT influences MSNA response to HUT, independent of the magnitude of HUT. Our major findings of the present study are that 1) MSNA averaged over tilt angle increases during inclination of the tilt table from 0°to 30°, with smaller increase in the slow (0.1°/s) and very slow (0.0167°/s) tests than in the control tests (1°/s) and 2) although a 3-min MSNA overshoot after reaching 30°HUT was observed in the control test, no overshoot was found in the slow and very slow tests. These results support our hypothesis that a lower speed of HUT results in less MSNA activation in humans, indicating the loading speed dependence of orthostatic MSNA activation. The speed-dependent sympathetic activation would contribute to prevent hypotension and maintain AP during rapid postural change from supine to upright posture.
Possible Mechanisms for the Speed Dependence of Orthostatic MSNA Activation
Since the HUT activates multiple physiological mechanisms, it is difficult to strictly determine the primary input to humans during postural change from the supine to upright postures. Therefore, we cannot conclude the true mechanisms for the speed dependence of orthostatic MSNA activation observed in this study. In this study, HUT decreased AP at the height of carotid sinus level decreased and increased thoracic impedance. We thus challenged to discuss possible relations of arterial and cardiopulmonary baroreflexes with the speed dependence of orthostatic MSNA activation.
Arterial baroreflex. Although arterial baroreflex is the major mechanism that increases sympathetic nerve activity (SNA) and maintains AP under orthostatic stress (2, 26, 27) , it has high-pass filter dynamic transfer characteristics from baroreceptor pressure input to SNA. The high-pass filter characteristics have been investigated in detail by baroreflex open-loop experiments in anesthetized animals such as rabbits (11, 15) and rats (29) . This indicates that more rapid change of AP resulted in greater response of SNA to pressure change. In addition, the high-pass filter characteristics might also be observed in earlier human study (10) , since MSNA increased/ decreased and turned to partially decrease/increase in response to stepwise neck pressure/suction. Although transfer function was not calculated in the study, the SNA response in humans may be consistent with the MSNA response (initial drop and partial recover) to stepwise increase in baroreceptor pressure in anesthetized animals (15) and suggests that the arterial baroreflex control of SNA in humans would also have the high-pass filter characteristics.
One possible mechanism for the lower MSNA during inclination in slower HUT tests is the high-pass filter characteristics of the arterial baroreflex control of SNA. Since the decreases in AP predicted at the height of carotid sinus level over tilt angle were similar in the control, slow, and very slow HUT tests, we assumed that the tilt-induced pressure perturbation was similar in the three HUT tests except for the speed. However, the high-pass filter characteristics of the arterial baroreflex control of SNA (11, 15, 16) would cause greater response of SNA to pressure change in the control HUT test that induced more rapid decreases in AP than the slow and very slow HUT tests. Of note, the dynamic transfer characteristics could not explain a few minutes of overshoot of MSNA activation after reaching 30°HUT posture observed in the control HUT test. Other mechanisms would be responsible for the overshoot of orthostatic MSNA response in faster HUT test.
Cardiopulmonary baroreflex. In addition to arterial baroreflex, cardiopulmonary baroreflex is known to mediate orthostatic activation of SNA. In our results, at a tilt angle of 10°, thoracic impedance increased similarly in control, slow, and very slow tests, indicating that the gravitational fluid shift directed toward the lower part of the body (such as the abdominal vascular bed and lower limbs) may be similar in all three tests. In addition, MSNA increased at the tilt angle of 10°s imilarly in control, slow, and very slow tests, but AP predicted at the height of carotid sinus level did not change. These results suggest that cardiopulmonary baroreflex was activated by 10°H
UT similarly in these tests and mediated similar magnitude of orthostatic MSNA activation but did not induce speed-dependent differentiation of MSNA. Therefore, it is possible that cardiopulmonary baroreflex control of MSNA does not have high-pass filter characteristics. However, since even small HUT can activate not only cardiopulmonary but also arterial baroreflexes similarly to low levels (i.e., Ϫ10 and Ϫ15 mmHg) of lower body negative pressure (4), it is difficult to isolate these baroreflexes and to conclude regarding the relation between cardiopulmonary baroreflex and the speed dependence of orthostatic MSNA activation in HUT. In addition, it was reported that cardiopulmonary and arterial baroreceptor afferents interact in a sense of a nonadditive attenuation (25) .
Other mechanisms. Mechanisms other than baroreflexes might be responsible for the speed dependence of orthostatic MSNA activation. The first possibility is the vestibulosympathetic reflex, which may be involved in mediating pressor and sympathetic responses to orthostatic stress in rats (23) and humans (31) . Since the reflex may be engaged differentially in the control versus the slow and very slow HUT tests, it can relate with the speed dependence of orthostatic MSNA activation observed in this study. The second possibility is the stroke volume, which had a close correlation with MSNA in their changes by orthostatic stress (20) , although the neural pathway connecting stroke volume to MSNA may be unclear. Finally, humoral substances can relate with smaller activation of MSNA in the very slow HUT tests. In this study, increases in plasma epinephrine, not norepinephrine and arginine vasopressin, were greater in the very slow test than the control test.
Speed Independence of Orthostatic Tachycardia in the Present Study
In contrast with MSNA, orthostatic tachycardia is independent of inclining speed of HUT. The results may be consistent with a early study (32) that addressed more rapid HUT (i.e., 70°or 90°passive HUT in 3 s, and 70°passive HUT in 1.5 s) and reported that speed of HUT did not affect on initial heart rate responses to rapid HUT. It is difficult to understand the mechanisms for the finding. If baroreflex control of cardiac SNA is similar to that of MSNA as observed in rabbits (15) , it is expected that the very slow test mediates a smaller increase in heart rate during inclination than the control test. This raises a possibility that mechanisms other than sympathetic control counteract the speed dependence of orthostatic sympathetic activation and result in speed-independent orthostatic tachycardia. Although we cannot measure cardiac vagal nerve activity in humans, there is a well-known, hypothetical consideration that the HF amplitude of R-R interval variability can reflect respiratory modulation of cardiac vagal nerve activity (7, 9) . If so, our results suggest that the decrease in the index of cardiac vagal nerve activity averaged over tilt angle during inclination of HUT was smaller in the very slow HUT test than in the control test (indicating the speed dependence of orthostatic cardiac vagal suppression). Therefore, the speed independence of orthostatic tachycardia in the present study cannot be explained by autonomic neural controls. One possible explanation is that greater increase in plasma epinephrine counteracted the smaller response of sympathetic and, probably, vagal nerve activities.
Limitations
This study has several limitations. First, we used a mild to moderate HUT test (30°) in this study. Sequential HUT tests were necessary for this study, but sequential HUT tests at greater tilt angles (Ͼ60°) pose a problem in keeping constant electrode positions for microneurography and maintaining the quality of MSNA recording. Second, since we focused on the effects of slow-speed HUT on orthostatic MSNA response, we used inclining speeds of 1, 0.1, and 0.0167°/s in HUT tests. Finally, the HF amplitude of R-R interval variability is a limited measure of cardiac vagal control in the human (18), although we used it as an index of cardiac vagal modulation in the discussion.
In conclusion, although HUT at an inclining speed of 1°/s causes high MSNA activation with an overshoot of a few minutes, slower HUT (0.1 and 0.0167°/s) results in lower MSNA activation. This indicates that that HUT-induced sympathetic activation depends partially on the tilting speed in humans. 
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